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Performance l imi tat ions of  n iobium-based submi l l imeter -wave
quasiparticle mixers operating near the gap frequency.
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Wc have measured (1K noise kmpcra[urc of hctcrodync rcceivcrs cn~p]oying Nh/AIO\/Nt~ [unnc]

junction mixers at fr’qucncics ranging from 70% 10 93% of lhc giil) frequency of niobium (-700” G}Iz), The
scnsi(ivity of the rcccivcr is clccrcascd  hy the ovcr]ap 01 the )1 = I and ~] = 2 pholon s(cps of oppcrsi[c  sign.
A[ hiss vol(agcs where these photon steps overlap, thrrc is an incrcasc  in rccciicr noise of up to 5 0 % .
‘1’hcorc[ical calculations using [hc  Tucker (hcmy agree WCII wi(ll the observed n]ixcr pcrfmmancc.  l’his
overlap alrmdy affccls (hc rcccivcr operation for hcst pcrl’ormancc  :1[ frcqucncics  wcl  I hclow 700 G}Iz,

IJow-noise hclcrodync rcccivcrs  using quasiparticlc S1S

(SlllJcrc()rlcl  Llcl()r-lrlslrl:l( ()r-Sllllcrc0Ir(l[Jct0r) tunnci junct ion
mixers opcril(ing a[ rnillinlclcr and sublnillimclcr wavclcnglhs
h;~vc b e e n  dcvclopcd p r i m a r i l y for rii[lic>ilslr(>rlorlly
~ll~plic:l(iol]s.  I -7 ‘]’]Ic S]S mixers, Ior which the “1’uckcr nlixcr

thcorys prcdic[s high I<l;-(o-ll; convers ion  e f f i c iency  and
(l[li~rltlll]l-lillli[ccl m)isc,  arc cxpcclcd to work well al I’rcq ucncics
up (0 Ihc gap I’rcqucncy  of (hc sll[>crcorlcillcl(>r  used, and up [0
(wicc lhal I’rc’qucncy  with sonwwlml dcgr:dcd l>cllorlll:lrlcc.9-]()
Almost all S1S rcccivcrs prcscn(ly used on radiotc]escopcs
cnlploy niohiun~  tunnc] junclions for their ru.g,gcdncss and high
qu:llily /-V cll:it:lct crislics. Rcccntly, a t’cw rcccivcrx  u s i n g
niohiurl] nlixcr-s  ha~’c hccn  dcvclopcd2”5,7 for frcqucncics
approaching 700” Gil/., Ihc gap frqucncy of niobium. Nlixcr
opcra[iim ahovc  IIW gap frequency of Nh has been demonstrated

(, t)Lll wi(h signjfi~:]n[]y  Wforsc pcrlormancc.in the I;itmra(ory  ,
White s(M]]c prclitninary rllcasurcrncn[s have also been done on

low cr~cr~y  ga]~ strl~cr~or~~llrct(~rs,  li~~ alLlnlir~Lrn~,l  i :~~
n]illirnclcl Wtivclcngthsi  li[llc hns hcen d o n e  [n invcslig:l(c al
suhmillilrw[cr wavelengths lht conscqucnccs  of opcratinx S1S
rcc’civcrs  near the cncrfzy  gap.

Onc  cx)nscqucncc,  cxp~’ctcd  lhcorclically Ibr opcra[iorr  near
(hc gap trcqucncy, is an increase of the rcccivcr  noise at bias
vollages where (I1c tf= 1 pho(on slcp of lhc pmitivc vo l tage

region in [hc /-V curve and Jr=2 photon step from lhc ncgalivc
voltage region overlap. As shown in l:i~. 1, (he 11=2 pho[on
s[cp dccrcascs  Ihc i<l~-induced (purnpcci)  currcn[ in the overlap
range, causing a change of slope in the pumped )-V crlrvc.
Suhscqucntly, a minimum is cxpcctcd in (hc rcccivcr  11: OUtpLIl

p o w e r  al this change of siopc, as a rcsul[ 01 lhc smaller IF

dynamic impcdancc which incrcasm the ll; mismatch and the
~ l? ~.llc  frccl(rcr,cy  at which an over’lap

mixer conversion loss. ‘ -
smr(s shrin!iirlg Ihc  bias region on the first photon step is:

f= ;:-l”.f,q (1)

where t/ is [hc  order Ot the photon s(cp ot’ opposi[c sign and <v

is (Iw gap frequency. Onc sccs (hat  the tr:=3 photon s[cp  s[arts
playing ii mlc a[,f> 350 Gllz (-f><q/2 whcrctq = 700 GH/. for

Nh). hut  for practical local oscillator (1.0) powers, (hc cft’cc(  is
ncgligihlc. The case t/=2 occurs for 2/3 Jv <j <~~,  i.e. f o r
Ircqucncics hc[wccn 466 G117 a n d  700 GII/.. W c  hnvc
invcs(iga[cd cxpcrimcn(ally and thcorc(icalty  how this )1=2 msc
overlap atk-ls (he scnsitivi(y 01 a sLiblllillil]lclcr-wJavc rccciver.
l’his cffccl has  no( b e e n  nlcnlioncd in lhc lilcraturc so far .
possibly Ilccuuse  few S1S rcccivcr  results have been rcpor-[cd in

Ibis frc(lucncy  rang,c.
TWO hc(cmdync tcccivcrs d e s i g n e d  for astronomical

obscrv:l(ions at 547  (illz and 626 CJII/., have been used (0
s[udy  S[S m i x e r  pcrctw tuancc at frcqLlcncics hc(wccn 490 ~1}1/,

;Ir)d f)fl) ~Jf]~,  i,c. 70{’: (()  ~~”f of ~hC ~d[) fr’c(l L[c[)C~ o f

niobiun). lhth rc’ccivcrs Llsc s i m i l a r  wavcguidc r)lixcrs, a n d  a n

cxlcnsi!c disc(lssion {)t’ Ihcir d e s i g n  has b e e n  pr-ovidcd
clscwhcrc.5.7  Tlrc  S1S IIlixcl-s  each usc a single 0.25 pmz  area
Nh/AI-AIO,/Nh (unrl~>t j u n c t i o n . 13 ‘1’0 tlptinli/c fhc l<l;

impcda]lcc malch, lhc lJ avcguidc hackshorl and }1-plane  [uncr
a r c  usctl  in corljunc[iorl wfith  a sLll>crcorlcll]cli\’c  mic’ro  strip
c i rcu i t  intcgra(cd wi[h {he junction (0 prt)vidc an :lpprt~pria(c
cn~hcddlng  circuit. ‘1’hc clo~ltllc-si(lct>:lrlci  (1)S11) rcccivcr  n o i s e
lcmpcr:l[urc  is derived [’rt)rn 7’,{ = (Yll  - Y ‘/~. )/(Y I ) where Y is

[hc ]a[io of lhc  11: tm(pul powers  measured in response  10 a hot
(7j,=29(lK) and a cold (’/,,=S2K) load placed a[ [hc rcccivcr  1/1:

input.
};ig~lrc  2 s h o w s  IIIL  rcccivcr ll; ou[pu( power  for lhc RI:

hot  a n d  cold l o a d  si:n;ils a~ tI fLlnc(ion or h i s s  ~’oltagc for .1

diflcrcnl 1,0 [rcqucncics:  490, 540, 631 and 649 (ill~. O n c
noliccs  :[ sharp minirllulrl in [hc ll; Ix)wcr  occuring ;i[ a vollagc
which incrcascs  wi[l~ lr~x]ucncy.  in ;Iddi(ion, (I)c 1.O-purnpcd  /-
v’ CLllVL’S  Whl Ch ;I[”C  dl!io Sho WI] i[)  I:ig.  2 diS])];l~ d Cha[~~L!  ()!’

s lope [or (hc same Vol(:lgc. Wc conlcnd tha(  the change ol’
slope in (hc pull]pcd 1- t’ curves and (hc sharp minimum in
lhc  11: ]k)wcr curves bolt] result from (I1c ovcriap of (I1C ))= 1
a n d  n=? pho[on s[cps  dIs  L’u.s.scd above;. The fac t  [ha[ high
1,0 puw,’rs cnhancc  the clfcct supporm  [his  in[crprctation. The
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l’ig. 3 hlcawicd  vo[fagcs  rcrr’ IIIC In flcctmn poll)t [sqwmx), normnll/co 10 me
gilp \ Ol[llgc /1,/s/(,. :1s t] t’uwtion ot’ the normalized 1.0 flcqoency  j“p. ‘rhc
dashed Iinc rcprcscvm [hc prcdic, [cd vol(agws for the phototl  sIcp ovcdap.  F’01
compori~on,  the 2nd Shapiro steps (II iangks)  m. :11s0  shown 30LI  compard
{c)  (IIC  Jo\cplIwrII  i,{)l(~]gc,-flt’qtl~.r]cy  relation  V \hplr<,  ~ j(lyjzfj)  (dmtcd  Iinc)

mc:isurcd  vollages  for which (he change of slope occurs in lhc
punlpcd 1-V charackristic-s  arc ploltc(]  versus I,0 I-rcc]ucncy i n

l~ig. ~, II C:III bC SCCI)  lh;I( (hcy arc hiyh]y correlated with the
overlap voltaycs  given by:

v’ owr’/(l/J = ‘2 /,f/(, . V,q (2)

Moreover, [his  feature is n~agnctic-field inserisitivc, which
ru]cs  out Josephson-(ype phcnrrrncna,  The w=2 Shapiro s[cp  is
seen as  ;tn indcpcndenl Lwnlponen(  anti can bc ciucnchcd  by a

magnetic field applied in the p]anc  of [hc  junction. It has been
measured versus 1.0 frequency and os seen in J~ig. 3 is clcar]y
dislincl i’rom  the pho[orl s[cp Overlap.

T h e  rcccivcr-  pcrfo[ nlancc was optimi~cd with rcspmt [o
backshm  I, l;-plane  tuncI.  a n d  1.0 p o w e r  o n  (he p e a k  in (11c  l};
Ot[tprrt  :][ a b i a s  VOll:Lp C ah(~vc VOiCr/’I/). The rcccl~,  cl IIolsc
tcmpcralurc was (hen rncmurcd at this poi nl i]nd a biases below
the crvcrlap  voltage wi[hout rc-optimizing the mixer. I;or the
600 GHY receiver, the best pcrforruancc  bctwccn  610-631 GHz
is 214-240 K. l’hc noise  tcrnpcra(urc  is higher by 40-64 K
respectively ( i .  e., 17-30%), at (hc best  bias point below
V“’’’’/(’/’. The variations exh ib i ted by  the crbscrvcd  n o i s e
kmpcralurcs aml (heir  illL’rcascs  arc caused by the exact sct(ings
of the wavcgL]idc luncrs and 1.0 p o w e r  r a t h e r  [ban  by a
syslcrua[  ic trend  with frcq Lrcncy. The second rcccivcr opcra(cd  at
540 ~111/ gives a noisr tcn]pcratL]rc o(’ 196 K and shows an
incrcas( of 108 K (55[1  ) below the overlap voltage. Such a
rcceivcl noise  increase irnplics inlcgra[ion (imcs Iorlgcr by a
factor o!’ up to 2.5 for actLla] astrrrnornica}  observations.

WC have performed calcLrlalions Lrsing the Tucker thcorys
(o analj’zc the obscr  vcd  change of slope  in the pumped /-V
curves ,  and to in~fcstigalc the J~rcdictcd  cffccl ,,ln the mixer
noise  tcmpcralurc 7hl and conversion cfl’icicncy  ~’~f. I’hc lhc(xy
i s  (i[tc(l to t h e  pLlm Jxd /- v cLrrvcs Lrsing lhc JO VOl(:lgC
aruplit~rdc a s  a f r e e  paramatcr to oh[ain (}IC cmhcdding
impedance of’ the mixer LircLiit. ~alc Ltlatcd J> L]nlpcd 1-V curves
can then be gcncratcd t“or any 1.0 pump level. along with [hc
corrcslxmding val  LIcs ot’ (;N4  a n d  7’51.  T h e  m e a s u r e d  n o i s e  a n d

oqirl Oj [hc [I; S}s(crn  h:tJ,c  a lso  hen  i n c l u d e d  10 prcdicl  thee’
[otal rcccivcr n;iw a n d  [hc 11: t)u(pul  power I(w [he lml 1{1
Imd si}!na].

I;i~Lrrc  ~ (:1) shows  a ca]cu!a(cd  pLrnlJlcd /-v curi’e  fi[ling

cxpcrirncnlal dala at 540 (i} 1/7 (the l’i(lcd and cxpcrirncntal
curves a r c  barely ~iistir~p~]isl];lblc).  T h e  I’it[cd  cmhcddiny
irnpcd;lncc is Z = 58 - j 105 fl and the 1.0 power is 50 nW:
close 10 [ h c  op[in]ut]l for b e s t  rcceivcr pcri’ormancc.  I’hc
caic  Lrl~\tcd ll; ou~pLl[ pt)w(cr t’or [hc  f<]; }1oI load  s igns ]  i s  also
s h o w n  i n  I;ig. 4 (a) :Ind a g r e e s  rcasonahty well with Ihc
m e a s u r e d  ]l; ouput pf)wfcr  The I}; systcm  noise  was 7 K l’or
this  rcccivcr  and the rtoisc  cOntribLrli  Orl ol the clcrncnts  10catcLl
in front ol the nlikcr have not been considered in  lhc
calculation. which p:lr Ily cxpliiins the di(fcrencc in n]casLrrcd
<Illd C.l]CU]i)t  Cd rL’CCi  VL’l  r)oi SC  (Crll JICrll[Lrl CS ShOW[l ir~ flg LrlC
4  ( b ) .  W h i l e  (I1c [hcory undcrcstinla[cs  {hc actLIaI n o i s e ,  ii

ncvcI [hclcss predicts a significant incrcaw  in noise below the
ovcrl;tp. The calcula(cd available and coupled nlixcr gain arc
plo(kd in Jig. 4 (c) and show LIM(  [he dip observed in [hc ll;
OLrtput power at V“””@ cx)rrcsponds  to a sharp dccrcosc  of the
avail ;lble n~ixcr gain. and is only weakly dcpcndcnt on ihc IF
n~isnlatch.  A similar set of cLlrvcs  is shown in I;igs. 4 (d), (c)

and ( f) for an J.0 l’rcq Lwncy  of 631 ~)llz,.~  The embedding
in~pdancc  tu achicvc a good fit [O the 1-V curve is Z = 28.3 -
j 52.3  Q, the estimated 1.0 power is 1 ()() n W, and the 11: noise
Icnlpcra[ure ii 4 K. Quali~:tti\cly  and quanti[a(iwty,  the overall
~igrcL’rllcrrt bctwccr] (]Ic c;ll CL]]{lt C(i [lr)Li l]~C~]sLrlcd rcCci\’~r’ rloisc

varid[ions is quite good.
As frequency is incrcascd, the volt;ipc rcin:c V ‘“ “’’(’p < V

< v ~{,,, for bLV+I  pert’ot-lnancc (above [hc dashed  line in I’ig. 3 )
is rcJurXd (0 a srnoll  r-cgion corresponding to :a very narrow
peak in [hc 11 powcI- curve (Kc fig. 2(c)), which vanishes
con]p]ctc]y near 7(N) GIIY. At frcqucncics abol’e 6.50 G}lz, rhis
rcgi[]n  is cxcccdinply  snlall,  allowing no practical bias at
v > v 01,,/,1/), a n d  [he cflcct d i s cus sed  he r e  wIoLIld he
unnoliccd.2 In [his L“asc lhc rnixcr  woLIld  bc oplirniycd in the
ove I]ap rcglon. Wc h:L\’c ca]c  Ll[atcd  {he oplinlizcd rccctl’cr
pcrforrnancc :1[ bi:]~cs  b(jlh ahovc a n d  below V“’(’’’[’,’, T’hc

Ihc(lry  SUg:CS(  (hill  op[ln]izcd rcccivcr  noise below V“’’’’’”/’



# WOUIC1 hc ah{)ul  22% highcl lhaI)  ahovc at 630 ~Jllz,;  and [hr

Challgc  would tw 35~fi at 540 G117..
I:urlhclmorw as frcqucnc) incrcascs, [hc  second  Sha})iro

slcp  and lhc otcrlap v(I]tagc  convcrgc  pul[inp (IIC o p t i m u m

h i s s  n e a r  Ihc S h a p i r o  slcp. Th is  i s  not a lJrOblcm  urOLINI
5 4 7  GI17 lvhcrc a large par( of [he pho(on  s[cp can s(ill be
USCd.  bLl( bCColl)CS  Of  COIICCIII  llCar 600” ~i}~? :{lld :\ bO\’C.
Thcrclorc. strong suplcssion of the AC’ .loscj-rhsml  effect with
aII cxlcrnal nl:ignclic flcld is cri[ical  l{) avoid inslabiliiics  and
additional noise. While it is possihlc in theory to quench  the
S h a p i r o  steps hy applying a sui(ablc magnc[ic field, noise
spiks oflct~  rctnain in (hc actual It; Power c u r v e s  no matter
how’ smoolhd (Iw  1 -  1~ charactcris(ics  appear  ( s e e  F i g .  2 (c)),

W h i l e  a p p l y i n g  a d d i t i o n a l  flux q u a n t a ,  QJ(, = h/2c, may

impr(lvc (hc ll; rcsptmse,  the intense magnetic field has the
Llnctcsirahlc  Ct’lCc[ Of slightly decreasing [he gap vollagc. I’his
incrc.ascs  V(’’I’’’[’P, accortiing to cqn.  (2), furthc] decreasing (hc
dcsirahlc bi:is range. I;(Jr  an applied field rcsulling in ~) = 3@()
in OUl” junctiol]s, we find \/xrC~~l~~’c~} - \/ f,lcF/d/~ ;i]rca(l~ :1[ 0111~

635 Gllz, indicating lha[ lhc bias region uhcrc there is no
OVC1’]~lJ)  ]1:1S disappeared,

.AhOvc 700” (i}lzi lhc  pcr(mnancc  of niobium-based S1S
Illixcrs  is rcasonah]y god 14 allhoLIgh s]igh(ly  cicgradcd hccausc

Ihc f)= 1  and )/=2  pholon slcps now complclcly  ol’crlap, III

a(idilion,  lhc mixer call only he opcr:itcd a[ V >  /l(D/C - \“A
hCC2Ll  SC of lhc ovcrlappin~ /t= 1 ]1110(01)  SIC}> i-mm  tllc ncgalivc
region.  q’hc uppci’ iimi( for niobium S1S n~ixcrs  is :iboul
14(K) [il 17.,  Iwicc Ihc gap frequency, when (he N=L1  photorI s[cp
lronl ci(hcr side covers (hc cn(ilc (-\~Y , \’ ) hias range.}’
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